ABSTRACT: Use and misuse of antibiotics have driven the evolution of serine β-lactamases to better recognize new generations of β-lactam drugs, but the selective pressures driving evolution of metallo-β-lactamases are less clear. Here, we present evidence that New Delhi metallo-β-lactamase (NDM) is evolving to overcome the selective pressure of zinc(II) scarcity. Studies of NDM-1, NDM-4 (M154L), and NDM-12 (M154L, G222D) demonstrate that the point mutant M154L, contained in 50% of clinical NDM variants, selectively enhances resistance to the penam ampicillin at low zinc(II) concentrations relevant to infection sites. Each of the clinical variants is shown to be progressively more thermostable and to bind zinc(II) more tightly than NDM-1, but a selective enhancement of penam turnover at low zinc(II) concentrations indicates that most of the improvement derives from catalysis rather than stability. X-ray crystallography of NDM-4 and NDM-12, as well as bioinorganic spectroscopy of dizinc(II), zinc(II)/cobalt(II), and dicobalt(II) metalloforms probe the mechanism of enhanced resistance and reveal perturbations of the dinuclear metal cluster that underlie improved catalysis. These studies support the proposal that zinc(II) scarcity, rather than changes in antibiotic structure, is driving the evolution of new NDM variants in clinical settings.
S
ince the first report of New Delhi metallo-β-lactamase (NDM), now a worldwide, community-acquired, antibiotic-resistance determinant in Enterobacteriaceae, 18 different variants of this metallo-β-lactamase (MBL) containing altered amino acid sequences have been identified from the clinic or from infected animals. 1−19 The emergence of these NDM variants raises a number of questions: How do the variations impact function? What selective pressure drives the changes?
Will the variants impact clinical outcomes? Some of these questions have been previously addressed for serine β-lactamases. For instance, extended-spectrum-β-lactamases are an infamous example for which the use and misuse of β-lactam drugs appear to have driven the evolution of variants with altered substrate selectivity that can accommodate new substrate classes and thus extend antibiotic resistance. 20, 21 However, NDM is already a highly efficient catalyst with broad substrate selectivity that encompasses all of the clinically used classes of β-lactams, except monobactams. 18, 22 A need to alter substrate selectivity may not be a significant selective pressure placed on NDM-encoding microorganisms. In support of this idea, it is notable that most of the identified NDM variants confer only limited changes in catalytic activity and substrate selectivity. In contrast, a number of NDM variants have significantly increased thermal stability, which could impact antibiotic resistance by extending the lifetime of the enzyme. 22 Clearly, there are different mechanisms by which NDM variants could enhance antibiotic resistance. Herein, we investigate an alternative hypothesis, that some naturally occurring NDM variants enhance the ability of the enzyme to function at low zinc(II) ion concentrations relevant at typical sites of infection.
Competition between host and pathogen for scarce and essential metal ions at an infection site is well established for iron. 23 The Fe(III) ion has limited aqueous solubility (1.4 nM), and pathogens have evolved structurally diverse siderophores to effectively compete with host proteins for binding iron ions. 24, 25 The proposal that host and pathogen may also compete for zinc(II) is also supported. 23 Humans secrete the proteins calprotectin and psoriasin, which can sequester zinc(II) and inhibit microbial infections. 26 The total zinc(II) concentration in Escherichia coli is ca. 200 μM, but almost all of these ions are protein-bound, with most binding to the ribosome. 27, 28 Metalloregulatory proteins in E. coli are triggered at femtomolar concentrations of zinc(II). 27 Some bacteria have zinc(II)-selective transporters (e.g., the ZnuABC transporter in E. coli), and the siderophores pyridine-pyridine-2,6-dithiocarboxylic acid and yersiniabactin can also transport zinc(II), essentially acting as zincophores. 29 Taken together, these observations suggest that competition for zinc(II) ions might provide a selective pressure driving the evolution of pathogens.
NDM requires metal ions for activity and has been characterized as a dizinc hydrolase. Zinc(II) ions are bound in adjacent Zn1 and Zn2 sites, forming a dinuclear zinc(II) ion cluster. 30 In a proposed catalytic mechanism, the metal ions work in tandem to depress the pK a of a bridging hydroxide nucleophile; Zn1 polarizes the β-lactam carbonyl oxygen and stabilizes a tetrahedral adduct, and Zn2 stabilizes the developing negative charge on the leaving group nitrogen ( Figure 1A) . 31 This metalloenzyme may have some advantages when competing for metal ion binding because its periplasmic location could facilitate access to extracellular zinc and because some metallo-β-lactamases can substitute alternative divalent metal ions if zinc(II) is not available. 31−34 The Zn1 of NDM-1 is bound tightly, and the Zn2 site has a K d value estimated, by changes in activity, to be in the low micromolar range (2 μM). 35 The concentration of zinc(II) at typical infection sites appears to be in a similar range. Blood plasma has approximately 6 μM labile zinc(II) and 12 μM bound zinc(II) ions. 36 Lung sputum from healthy and cystic fibrosis patients contains 0.2−28 μM zinc(II), and urine contains 0.6−10 μM zinc(II) ions. 36−39 Laboratory selection experiments suggest that zinc(II) scarcity may be a selective pressure driving evolution of MBL genes. Artificial variants of a MBL with decreased zinc(II) affinity are less able to confer resistance to cells cultured using low zinc(II) concentrations. 40 Specifically, the unusual N-terminal lipidation of NDM has been shown to confer stability that allows NDM to resist degradation at low zinc(II) concentrations. 41 Herein, we demonstrate that the M154L substitution found in almost half of all clinical NDM variants decreases antibiotic sensitivity to specific β-lactams at low zinc(II) concentrations. This effect is facilitated, at least in part, by enhanced affinity of these NDM variants for Zn2, suggesting that NDM-bearing bacteria are evolving to overcome the selective pressure of zinc(II) scarcity on antibiotic resistance.
■ RESULTS AND DISCUSSION
Of the 18 variants of NDM identified from clinical samples or animals, 50% contain a substitution at Met154 (NDM-4:  M154L; NDM-5: V88L, M154L; NDM-7: D130N, M154L;  NDM-8: D130G, M154L; NDM-11: M154V; NDM-12:  M154L, G222D; NDM-13: D95N, M154L; NDM-15:  M154L, A233V; NDM-17: V88L, M154L, E170K) , with all except NDM-11 incorporating a Leu residue. This change is the most common substitution found in all naturally occurring NDM variants. Although the variants were identified in geographically distant sources, each of the Leu substitutions are encoded by a CTG codon that presumably arose from A to C point mutation(s) of the Met codon (ATG) found in NDM-1. Since the Leu for Met substitution is quite conservative, the potential for significant structural or functional changes did not, at first, appear high. Inspection of the surrounding protein environment in a crystal structure of NDM-1 revealed that the M154 side chain neighbors the α-carbon of His122, a residue that serves as a Zn1 ligand and is part of a short helical segment that also contains the Zn2 ligand Asp124. 30 As previously established in other metalloproteins, changes in second-shell and surrounding residues have the potential to significantly affect active-site metal ion affinity and preference. 42 Therefore, due to the prevalence of the M154L substitution in naturally occurring NDM variants and the proximity of this substitution to the dinuclear zinc cluster, we focused on characterizing differences between NDM-1 and NDM-4 (M154L). NDM-12 (M154L, G222D) was also included in the comparison to see if any differences imparted by M154L might be retained or altered in the presence of additional substitutions. Using methods previously established with NDM-1, we overexpressed and purified NDM-1, NDM-4, and NDM-12. 35, 43 To assay substrate selectivity, we chose substrates to represent three different classes of β-lactam drugs ( Figure 1B ): ampicillin (penams), meropenem (carbapenems), and cephalothin (cephems). Chromacef (a cephem) was also included as a common β-lactam substrate in laboratory assays. 44 For each substrate, we determined steady-state kinetic parameters with NDM-1, -4, and -12, with all assays supplemented by 10 μM ZnSO 4 to provide the optimum zinc(II) concentration previously determined for NDM-1 with all three types of substrate (Table 1) . 35 Although there are differences observed for each parameter (k cat , K M , and k cat /K M ) when NDM-1, -4, and -12 are compared, the differences are only of minor magnitude (<5-fold), a finding that corroborates other published comparisons of substrate hydrolysis kinetics among naturally occurring NDM variants. 22 Previously, we found that the zinc dependence of NDM-1 activity differs with the structural class of β-lactam used in the assay. 35 Under conditions of saturating (or near-saturating) substrate, the rate of NDM-1-catalyzed hydrolysis of penam substrates decreased significantly at low zinc concentrations. Carbapenem substrates showed a similar trend, but the loss of activity was of lesser magnitude. Cephalosporin substrates did not show loss of activity at low zinc concentrations. The effect of substrate structure on zinc dependence could stem from the possibility of bound substrate enhancing Zn2 affinity or from the possibility that Zn2 is more essential for catalyzing the hydrolysis of some substrates than others. 45−47 For example, the cephem we tested (e.g., chromacef) have a β-lactam nitrogen leaving group in conjugation with strongly electron withdrawing groups that can facilitate lactam hydrolysis. This type of substrate would be the least reliant on Zn2 to stabilize the leaving group (Figure 1 ) and show the least dependence on zinc(II) concentrations. The carbapenems we tested have substituents that are less electron withdrawing and show a more moderate dependence on zinc(II) concentrations. The penams do not have an electron withdrawing group in conjugation with the leaving group and would be most dependent on Zn2 for leaving group stabilization. Accordingly, hydrolysis of these penam substrates exhibit the most dramatic dependence on zinc(II) concentration. Regardless of the exact mechanism, we hypothesized that naturally occurring NDM variants might have evolved to bind zinc(II) more tightly and to confer stability or enhanced catalysis under conditions of zinc(II) scarcity and therefore tested the zinc(II) dependence of these variants for turnover of various substrates.
The relative activities of NDM-1, -4, and -12 with saturating substrate concentrations (when possible) were plotted and normalized to the maximum initial rate of each variant to depict the zinc(II) dependence (Figure 2 ). For cephalothin (a cephem), we observed only minimal changes in activity with decreasing zinc(II) concentration, similar to the behavior of nitrocefin with NDM-1. 35 For meropenem (a carbapenem), we observe a moderate decrease of activity at low zinc(II) concentrations for NDM-1, but the magnitude of the decrease is less for NDM-4 and NDM-12. Most dramatically, we observed a significant loss in NDM-1 activity with ampicillin (a We next sought to determine if these NDM variants also showed different zinc(II) dependent behavior when challenged in cell culture and if this effect differed depending on the class of β-lactam antibiotic used. We determined minimum inhibitory concentrations (MIC) of antibiotics from the three structural classes of β-lactams examined above using "standard" conditions and using conditions designed to mimic zinc(II) scarcity by including the metal chelator ethylenediaminetetraacetic acid (EDTA). Use of EDTA to limit zinc(II) ion availability for microbial growth has been described previously. 40 In general, the MIC values determined using limited zinc(II) concentrations were much lower than those determined using standard conditions for all strains and antibiotics, reflecting an impaired ability of all NDM variants to confer resistance at zinc(II) concentrations similar to those at typical sites of infection (Table 3) . Strains of E. coli harboring the same plasmid, but lacking the bla NDM gene, have the same MIC values in both conditions, showing the effect is NDM dependent. A more detailed analysis reveals that the magnitude of the zinc(II) dependence of the NDM variants is different depending on which antibiotic is used (Table 3 ; structures are shown in Figure S1 ). Under standard conditions, differences in MIC values for ampicillin were not observed among the variants, but at concentrations where zinc(II) is scarce, the MIC values for NDM-4 and NDM-12 were dramatically higher (≥64-fold), indicating that much higher antibiotic concentrations were required to inhibit cell growth. The standard conditions used with carbapenems meropenem and imipenem did not show differences in MIC values between variants, but conditions that mimic zinc(II) scarcity revealed a moderate increase in MIC values for NDM-4 and NDM-12 over NDM-1 (4-fold and 16-fold increase for meropenem (Table 3 ) and 4-fold and 8-fold increase for imipenem (Table S1 ), respectively), indicating that these variants can better enhance cell viability at low zinc(II) concentrations. Finally, the cephems cephalothin, ceftazidime, cefotaxime, and cefepime all did not show differences in MIC values between NDM variants under standard conditions (cephalothin MIC values are shown in Table 3 and the other cephems in Tables S2−S5 ). Conditions mimicking zinc(II) scarcity reveal some increases in MIC values that ranged in magnitude from >1-to 16-fold, depending on the structure of the antibiotic. In sum, the zinc(II) scarcity limits the ability of NDM to provide antibiotic resistance. Notably, the increase in cell viability conferred by NDM-4 and NDM-12 was not uniform for all classes of β-lactams but instead showed a significantly larger effect on ampicillin, consistent with the substrate-specific changes observed in vitro using enzyme kinetics.
To obtain a better mechanistic understanding of these effects, we constructed a panel of E. coli strains containing plasmids encoding 20 different amino acids at the 154 position of NDM.
The MIC values for these strains under standard and scarce zinc(II) conditions were determined for the same panel of antibiotics described above. The results with ampicillin (Table  4) are representative of most of the other antibiotics tested (Tables S1−S6) . Under standard conditions, the M154L variant has the same MIC value as NDM-1. Other substitutions . With all the antibiotics tested, the substitutions that are most similar to Leu, M154I and M154 V, typically had the second highest MIC values, ranking either equal to Met or resulting in MIC values one or two dilutions below. Accordingly, the only other naturally occurring variant found to encode a non-Leu substitution at this position contains a Val (NDM-11). In sum, Leu is the only substitution at position 154 that improves cell viability when treated with β-lactams under conditions of zinc(II) scarcity.
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Because the selective advantages of the NDM-4 and NDM-12 variants are only revealed at low zinc(II) concentrations, we sought to determine whether these variants have altered affinity for Zn2 (the labile zinc in NDM-1 35 ). An established colorimetric assay 48 was used to monitor competition for binding zinc(II) between a small molecule complex with the colored zinc chelator, 4-(2-pyridylazo)resorcinol (PAR), when challenged by addition of monozinc NDM variants. Removal of zinc(II) from the PAR complex and subsequent binding to an NDM variant was expected to result in a decrease in absorbance, and these changes can be fitted to determine the K d of the open metal-binding site in each NDM variant ( Figure  4 ). The K d determined for NDM-1 (18.6 ± 0.7 μM) is in the low micromolar range, and this protein has the weakest affinity. Notably, affinity for zinc(II) is improved in both of the other variants: NDM-4 (K d = 10.0 ± 0.8 μM); NDM-12 (K d = 6.6 ± 0.9 μM). These values are slightly higher than the Zn2 K d determined earlier for NDM-1 using activity assays, but the difference may be attributable to the presence of substrate, which has been shown to alter zinc(II) K d values in other MBLs. 46, 47 Since zinc(II) binding might also stabilize enzyme structure, we assayed the zinc(II) dependence on protein stability of NDM-1, -4, and -12. Here, we used differential scanning fluorimetry as a metric of protein stability and determined melting temperatures (T M 's) for each NDM variant at different zinc(II) concentrations ( Figure 5 ). NDM-1 showed ), likely reflecting differences in the initial metal ion content of the proteins used in each study (the earlier report does not list initial metal ion content of the proteins; the experiments here start with the apo protein). In our current work, we note that the transition between the T M 's at high and low zinc(II) concentrations occur at similar values to those determined for Zn2 K d and also show the same rank order for the variants (NDM-1 (5.06 ± 0.09 μM) > NDM-4 (4.69 ± 0.04 μM) > NDM-12 (3.7 ± 0.1 μM)). Since the DSF system is not at equilibrium and, like the kinetic method, involves additional ligands which might impact zinc(II) affinity, the transitions are not fit as K d values. However, they do illustrate the importance of metal binding to protein stability and reveal enhanced stability for the metal-bound variants NDM-4 and NDM-12.
The increase in stability of the metal-bound forms of NDM-4 and NDM-12 over NDM-1 could contribute to increased MIC values of these variants in conditions of zinc(II) scarcity. MIC values for NDM-4 and NDM-12 increased for almost all β-lactams that we tested at low zinc(II) concentrations. However, a global effect on protein stability would predict a similar magnitude of increase for all classes of β-lactams. In contrast, the low zinc(II) concentrations used in both the enzyme activity assays and MIC studies reveal a particularly large improvement for NDM-4 and NDM-12 that is specific for the substrate ampicillin, suggesting instead that improvements in catalysis, rather than overall protein stability, play a more dominant role in enhancing cell survival with this penam when zinc(II) is scarce.
To determine the impact of changes in NDM-4 and NDM-12 on protein structure, we determined the X-ray crystal structures of each. Data collection, refinement, and geometric quality statistics are provided in Table 5 . Our structure of NDM-4 was solved in space group P12 1 1 and contains two chains within the asymmetric unit. While this is the same space group as an existing NDM-4 structure in the PDB (accession ID 4TYF), 49 the existing structure (4TYF) contains only one chain per asymmetric unit. Despite this difference in unit cell parameters and asymmetric unit composition, the two chains within our structure of NDM-4 superimpose with 0.16 and 0.19 Å RMSD to the existing NDM-4 structure. This is the first report of a NDM-12 structure. Our structure of NDM-12 was solved in space group P12 1 1, contains a single chain per asymmetric unit, and features unit cell dimensions similar to the existing NDM-4 structure (4TYF). Superimposition of the structural models of NDM-1, NDM-4, and NDM-12 reveals only small changes in the overall structure. Each chain within our structure of NDM-4 superimposes with 0.22 and 0.23 Å RMSD to an existing structure of NDM-1 (accession ID 4EXY), and our NDM-12 structure superimposes with 0.26 Å RMSD to NDM-1 (4EXY).
The N-and C-terminal sequences of the proteins have minor differences in conformation; Asn220 is placed as a different rotamer in NDM-4, and the putative substrate-binding β-hairpin loop (residues 63−74) is angled differently among the variants (not shown). These differences likely represent the normal range of conformations available to NDM in solution. A view focused around M154L, G222D, and the active-site zinc(II) cluster ( Figure 6A) shows the proximity of the Met154 side chain to the α-carbon of the Zn1 ligand His122, as well as to the short helical region that contains the Zn2 ligand Asp124. These structures show that the M154L and G222D mutations do not impart any large structural perturbations in the activesite zinc(II) cluster or primary and secondary shell ligands in NDM. The mechanism whereby G222D imparts a functional change is not readily apparent from the structure, although this loop borders the active site, and changes in flexibility upon substitution of Gly would not necessarily be visualized in the structure. In contrast, a structural role for the M154L substitution is clear from a close analysis of interactions near the active site. Leu154 more closely buttresses the His122 α-carbon ( Figure 6B ), as compared to Met154 ( Figure 6C ), potentially restricting dynamics of the short active-site helical region containing His122 and Asp124 in NDM-4 and NDM-12. We note that only small changes in position or flexibility might be required to achieve the functional differences observed here. For example, changes to hydrophobic residues of carbonic anhydrase that neighbor primary zinc(II) ligands induce only a small difference in the X-ray crystal structure (<1 Å movement of a β-strand) but induce a large (36-fold) change in zinc(II) ion affinity. 50 In the case of NDM variants, the static structures solved crystallographically indicate no large changes in structure. Comparison of the NDM-1 (4EXY) structure with the NDM-4 and NDM-12 structures shows no significant differences in B-factors for residues surrounding the active site, including the 154 and 222 sites or the neighboring β-hairpin loop, although restraints placed on these positions by the crystal lattice may dampen changes to flexibility in solution. The absence of major structural differences suggest that the observed functional changes in the variants may result from small perturbations to the zinc(II) ligands that impact affinity, conformations accessible to zinc(II) ligands not modeled in their lowest energy state, or changes in the array of dynamic conformations available to primary zinc(II) ligands in each variant. NDM-12 was chosen to investigate the additivity of other substitutions to M154L and because of the proximity of G222D to the active site. Comparison of the NDM-4 and NDM-12 structures suggest that there is no synergistic cooperation of the M154L and G222D sites to alter the structure, although a more extensive analysis of NDM variants will be required to explore interactions of multiple substitutions to structure and function.
In order to more sensitively determine structural differences in solution among the metal ion clusters in NDM variants, we prepared two alternative metalloforms of each variant, dicobalt-(II) and zinc(II)/cobalt(II), the latter of which incorporates cobalt(II) selectively at the metal-2 site coordinated by Cys208, His250, and Asp124. Substitution of diamagnetic zinc(II) with paramagnetic cobalt(II) provides a spectroscopic signal that allows interrogation of changes in the structure induced by each mutation. Previously, the dicobalt(II) and zinc(II)/cobalt(II) metalloforms of NDM-1 have been characterized, and the kinetic parameters (k cat , K M , k cat /K M ) differ from the dizinc metalloform only by <3-fold, indicating that incorporation of these alternative metals does not greatly perturb the enzyme's function. 31 UV−vis spectroscopy of dicobalt(II) NDM-1 shows the expected four ligand field bands between 500 and 650 nm and a more intense ligand-to-metal charge transfer band near 320 nm that arises from interaction with the Cys208 thiolate, as reported earlier ( Figure S2 ). 31 Dicobalt(II) NDM-4 and NDM-12 do now show significant shifts in the position of these absorption bands, although the ligand-field intensities of the two variants are somewhat obscured by a 20% increase in S-toCo charge-transfer (CT) intensity. The similarity of the optical spectra suggest there are no large scale changes in coordination number or geometry among the dicobalt(II) NDM variants, consistent with the crystal structures described above.
To probe structural differences in finer detail, the dicobalt(II) metalloforms of the three NDM variants were examined by 1 H NMR spectroscopy. The spectrum of dicobalt(II) NDM-1 shows a number of hyperfine shifted resonances, as previously reported (bottom spectrum in Figure 7) . 31 Resonances at 79, 72, and 64 ppm correspond to solvent-exchangeable protons of the three His ligands that make up the metal-1 binding site (His120, His122, His189), while resonances at 165, 107, and 48 ppm correspond to Cys208, His250, and Asp124 (metal-2 site ligands). As we showed previously, using heterodimetallic forms of NDM-1, a cobalt(II) in the metal-2 site gives rise to a number of additional resonances from +40 to −65 ppm, arising from second sphere interactions with the penta-coordinate metal-2 site cobalt(II) ion. 31 The spectrum of dicobalt(II) NDM-1 is strikingly different from that of the dicobalt(II) variants of NDM-4 and NDM-12, though the variant spectra are nearly identical to each other ( Figure 7 ). The spectra show some perturbation of the metal-1 site ligands, with one His proton shifting downfield from 64 ppm, and a significant loss in intensity from the His proton at 79 ppm, which may indicate greater conformational flexibility at the metal-1 site of NDM-4 and -12.
Meanwhile, perturbation of the metal-2 site is more readily apparent. For example, the α-CH 2 protons of Asp124 appear as a magnetically equivalent geminal pair (to similar Co−O−C−H dihedral angles), leading a peak of two-proton intensity at 48 ppm. Both variants show a similar resonance at 48 ppm, at half the intensity seen for dicobalt(II) NDM-1, along with a resonance at 56 ppm of roughly equal intensity. We suggest this may indicate that the carboxylate ligand has rotated some in the variants, leading to inequivalent dihedral angles and chemical shifts. Similarly, the resonances near 160 and 165 ppm for dicobalt(II) NDM-1 suggest a nearly symmetric disposition of the cysteine protons about the Co−S−C plane, and this symmetry is clearly lost in NDM-4 and -12, with the appearance of a new resonance near 200 ppm that lacks an obvious germinal partner. The most likely candidate appears to be a broad line that appears in the region where the metal-1 site His ligands are observed (Figure 7) . Such a shift, changing the β-CH 2 proton chemical shift difference from ∼5 in NDM-1 to ∼120 in NDM-4 and NDM-12, would in turn require a relatively large change in dihedral angle, 51 consistent with the increased CT intensity noted above. The spectra for NDM-4 and -12 also show a significant reduction in the number of secondary contacts at the metal-2 site, on the basis of the observation of fewer resonances below 40 ppm. To verify that most of these changes, as indicated in Figure 7 , are localized to the metal-2 site, we generated the zinc(II)/cobalt(II) form of each NDM variant (zinc(II) in the metal-1 site, and cobalt(II) in the metal-2 site). The 1 H NMR spectra of the zinc(II)/ cobalt(II) NDM variants ( Figure S3 ) were of insufficient signalto-noise to reliably identify both Cys proton resonances for NDM-4 and -12, but they support the conclusion above that the mutations in NDM-4 and -12 more clearly affect the metal-2 site.
Finally, CW EPR was used to probe the metal ions directly (Figure 8 ). Standard perpendicular mode (B 1 ⊥B 0 ) spectra ( Figure 8A) show commonly broad signals from the high-spin cobalt(II) ions. They show only a small difference between the three variants at very low field (∼800 G); this small feature has been shown to be diagnostic for a spin-coupled dicobalt(II) system. 52 The signal appears largest for NDM-1, while being difficult to identify for the other two. This perturbation is reflected in the parallel EPR spectra (Figure 8B ), which show a reduction in intensity for the corresponding negative feature at ∼800 G. The (negative) intensity of this signal has been correlated to the coupling strength between the cobalt(II) ions in other MBLs, 53 and the data in Figure 8 suggest that the mutations in NDM-4 and -12 serve to further decouple the two metal ions.
In conclusion, M154L, the most common point mutation found among clinical variants of NDM, confers enhanced cell viability to ampicillin-treated cultures under conditions where zinc(II) is scarce. The additional mutation in NDM-12 (G222D) can augment this effect in some cases, possibly by a separate additive mechanism. The mutations of NDM-4 and NDM-12 progressively confer additional thermostability at high zinc(II) concentrations and enhanced Zn2 affinity. The selectivity of increased MIC values of these variants for the penam ampicillin is mirrored in kinetic assays using purified enzymes and indicates that improvements in catalysis, rather than increases in overall global stability, are the major factors driving cell survival. Crystal structures of NDM-4 and -12 illustrate the proximity of the mutated sites to the dizinc cluster responsible for catalyzing hydrolysis of β-lactam substrates, and bioinorganic spectroscopy of dicobalt(II) and zinc(II)/cobalt-(II) metalloforms reveals how the mutations, predominantly the widespread M154L variation, perturb the structure of the catalytic metal cluster. Taken together, these studies support the proposal that clinical NDM variants are evolving to overcome zinc(II) scarcity found in common sites of infection. Zinc(II) scarcity serves as a selective pressure which may also help explain the success of some nonselective metal chelators to counter NDM-1 activity in animal infection models. 54, 55 ■ METHODS Cloning, Expression, and Purification of NDM Variants for Kinetic Characterization. Recombinant, soluble Δ35 NDM-1 was expressed and purified using a codon-optimized expression plasmid described previously, pET27b-Strep-NDM1, with minor modifications to the protocol. 35, 43 The N-terminal truncation removes a sequence that promotes lipidation 56 thus allowing expression of a soluble enzyme. Briefly, cultures of E. coli BL21(DE3) (pET27b-Strep-NDM1) were grown with shaking at 25°C in LB growth medium supplemented with 50 μM ZnSO 4 until reaching mid log phase. Production of NDM-1 was induced upon addition of isopropyl β-D-1-thiogalctopyranoside (0.5 mM) and continued overnight. Cells were pelleted by centrifugation at 2831g for 30 min; the supernatant was discarded, and the pellets were resuspended in NaH 2 PO 4 buffer (50 mM) with NaCl (300 mM) at pH 8 for subsequent lysis by sonication. After pelleting and discarding the cell debris, soluble proteins were chromatographed using Qiagen Strep-Tactin Superflow Plus affinity medium using the manufacturer's protocol and desthiobiotin for elution (as described previously). 35, 43 The resulting recombinant soluble NDM-1 protein was dialyzed against two changes of 4 L of storage buffer (50 mM Tris, 150 mM NaCl, pH 7.5). For the kinetic studies reported here, the Strep-affinity tag at the Nterminus of the Δ35 NDM-1 construct was not removed because k cat and K M values determined for ampicillin and meropenam (described below) averaged within 0.3-fold of those determined after removal of the Strep tag. 35 The NDM-4 (M154L) and NDM-12 (M154L, G222D) variants were prepared in the same way, except that the expression plasmids encoding these proteins were first constructed through QuikChange-PCR mutagenesis using the primers described in Table S7 . Before expression, the sequences of the gene inserts in the expression plasmids encoding each variant (pET27b-Strep-NDM4, pET27b-Strep-NDM12) were verified by sequencing to contain only the intended mutations. The purified recombinant NDM-1, NDM-4, and NDM-12 proteins were each judged to be homogeneous by Coomassie-stained SDS-PAGE analysis (not shown). Concentrations were determined by either Bradford assay (BioRad) or a calculated extinction coefficient for the tagged variants (ε 280 = 34 850
). The molar zinc(II) content of each was determined using 4-(2-pyridylazo)resorcinol (PAR) in denaturing buffer as described previously, 35 with "as purified" NDM-1, NDM-4, and NDM-12 containing 1.5 ± 0.2, 1.3 ± 0.1, and 1.2 ± 0.2 mol equiv of zinc(II), respectively. Typical yields for each were ≥20 mg protein/1 L culture medium.
Steady-State Kinetic Assays of NDM Variants. Steadystate kinetic parameters (k cat , K M , k cat /K M ) were determined for NDM-1, NDM-4, and NDM-12 with ampicillin and meropenem (both purchased from Sigma-Aldrich Inc. (St. Louis, MO)) and chromacef (a generous gift from Larry Sutton (Benedictine College, Atchison, KS)) at pH 7.0, in Hepes buffer (50 mM), supplemented by ZnSO 4 (10 μM for all substrates and also 1 nM for ampicillin), using disposable polystyrene cuvettes (10 mm path length, Thermo Fisher Scientific Inc. (Fair Lawn, NJ)) and a Cary 50 Bio-UV−visible spectrophotometer by following the method described previously. 35 To determine the zinc(II) dependence of activity, we followed a previously published procedure, with minor adjustments as noted below. 35 Briefly, initial rates were determined for hydrolysis of chromacef (10 μM, monitored at 442 nm 44 ), cephalothin (300 μM, monitored at 255 nm 57 ), ampicillin (1 mM), or meropenem (300 μM) by each purified NDM variant (40 nM) in the presence of varying ZnSO 4 concentrations (0.1 nM to 100 μM). When possible, saturating amounts of substrate were used, but lower concentrations were used when the intrinsic absorbance of the substrate was too high. To visualize zinc(II) dependence, observed rates are plotted relative to the maximum observed rate for each variant at any zinc(II) concentration tested.
Cloning of bla NDM Variants for Cell Viability Assays. The bla NDM-1 gene was cloned from K. pneumoniae 246-61A, a clinical isolate from New Delhi, in 2007. 58 The upstream primer was designed to include the native promoter and lipidation signal (lipobox), as well as to retain the initial 35 residues that are omitted from constructs used to produce soluble protein for kinetic characterization (above). Both forward and reverse oligomers included a BamH1 restriction site for cloning. The PCR product was first cloned into the PCR XL-TOPO vector (Invitrogen, Carlsbad, CA). After verification by sequencing, the XL-TOPO clone was digested with BamH1 and the NDM-1 sequence was inserted into BamH1 digested pHSG-298 vector (Takara, Dalian, China).
On the basis of the NDM-1/pHSG298 construct, sequences encoding NDM-4 and NDM-12 were generated by Celtek Biosciences (Franklin, TN) and cloned into the pBluescript II SK(+) vector. The sequence was designed with flanking Xba1 and BamH1 restriction sites in order to clone the sequence into the pHSG298 vector in the same orientation as NDM-1/ pHSG298. Following restriction digest of each NDM/pBluescript SK(+) construct and pHSG298 with Xba1 and BamH1, the sequences encoding NDM-4 and NDM-12 were ligated into the pHSG298 vector. E. coli DH10B were transformed with the resulting vector, and the inserted sequences were verified by DNA sequencing.
The QuikChange XL site-directed mutagenesis kit (Agilent, Santa Clara, CA) was used to generate all the remaining variants at the codon encoding M154 in the NDM-1/pHSG298 construct, following the manufacturer's protocol. For PCR mutagenesis, four degenerate complementary primer sets and ten specific complementary primer sets were used to generate the remaining 18 amino acid variants (Thermo Fisher Scientific, Hampton, NH) ( Table S8 ). The resulting plasmids were used to transform E. coli DH10B, and the inset sequences were verified by DNA sequencing.
Minimum Inhibitory Concentration Measurements. MIC measurements were performed in triplicate using the Mueller-Hinton agar dilution method according to the Clinical Laboratory and Standards Institute (CLSI) protocol. 59 We performed all cell viability assays in E. coli DH101B, in order to provide a uniform genetic background in which to evaluate the impact of single amino acid changes. Briefly, bacterial cultures containing bla NDM variants cloned into a uniform vector were grown overnight at 37°C in Mueller-Hinton (M-H) broth. The cultures were diluted, and a Steers replicator was used to deliver 10 μL of a diluted overnight culture containing approximately 10 4 CFU. MICs were determined for the following: imipenem, meropenem (Fresnius Kabi); cefepime (WG Critical Care); ampicillin, cephalothin, ceftazidime, and cefotaxime (SigmaAldrich). MICs were also determined (as above) with the addition of 50 μM EDTA (United States Biochemical Corp.) to the Mueller-Hinton agar in order to limit zinc(II) availability.
Immunoblotting. Immunoblotting was used to evaluate the expression levels of NDM-1 and variants. Five milliliter cultures of E. coli DH10B cells containing pHSG-298 phagemids harboring the various bla NDM variants in MuellerHinton (MH) broth containing 50 μg/mL kanamycin were grown at 37°C to an optical density at 600 nm (OD 600 ) of 0.8. Fifty microliter aliquots of whole cells from these cultures were pelleted and frozen overnight. Pellets were resuspended in 20 μL of loading dye, separated by SDS-PAGE, and transferred to a polyvinylidene difluoride membrane (Novex, Life Technologies, Carlsbad, CA) by electroblotting. After blocking for 1 h with 5% nonfat dry milk, bla NDM presence on the blot was detected by incubation in 5% nonfat dry milk with anti-NDM-1 polyclonal antibody mouse serum (1/200 dilution) and 1/ 10 000 dilution of mouse anti-DnaK monoclonal Ab (Enzo Life Sciences) overnight at 4°C. The membrane was washed four times, 15 min each, in Tris-buffered saline (pH 7.4) containing 0.1% Tween-20 and subsequently incubated in 5% nonfat dry milk with 1/10 000 dilution of HRP-goat antimouse Ab conjugate (Santa Cruz Biotechnology). After four additional washes, the membrane was processed for exposure using the ECL kit (GE Healthcare) and FOTO/AnalystVR FX (Fotodyne).
PAR Competition Assay. Using an established assay, 48 we determined the K d values for the Zn2 site (the labile zinc ion in NDM-1 35 ) for each of the soluble Δ35 NDM variants. Briefly, the colorimetric chelator 4-(2-pyridylazo)resorcinol (PAR, 10 μM, Sigma-Aldrich) is incubated with ZnSO 4 (4 μM, diluted from a 0.1 M ZnSO 4 standard solution, Sigma-Aldrich) in HEPES Buffer (50 mM) at pH 7.4 and then titrated with the "as purified" NDM-1, NDM-4, and NDM-12 (0−40 μM). At each condition, concentrations of the ZnH x (PAR) 2 complex and total protein were calculated from absorbance values at 492 and 280 nm, respectively, and K d values were derived from fits as described elsewhere. 48 Cloning, Expression, and Purification of NDM Variants for DSF and Crystallography. The NDM-1 coding sequence used for expressing Δ35 NDM-1 was cloned into a pET-24a vector to produce plasmid encoding residues 42−270 with a stop codon inserted immediately after the codon for residue 270 to express a tagless soluble Δ42 NDM-1 construct that better promotes crystallization. NDM-4 and NDM-12 variants were produced by site directed mutagenesis using the pET24a-NDM-1 construct as a template. NDM variants for DSF and crystallography were expressed in BL21(DE3) E. coli cells grown in Terrific broth. Cells were harvested and resupsended in 25 mM HEPES, pH 7.5, 150 mM NaCl, 1 mg/mL lysozyme (Sigma), 20 μg/mL DNaseI (MP Biomedicals), and 100 μg/ mL 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (Gold Biotechnology). Cells were immediately frozen in liquid nitrogen and thawed at 4°C with rotation the night before purification. Cell lysate was clarified by centrifugation at 17 000g for 45 min, followed by filtration of the supernatant through a 0.45 μM filter (Fisher). Lysate was dialyzed against 20 mM HEPES, pH 7.6, 100 μM ZnCl 2 . Dialyzed lysate was loaded onto a HiPrep Q FF 16/10 sepharose column (GE Healthcare), and NDM-1, NDM-4, or NDM-12 was eluted using a linear gradient of dialysis buffer and increasing percentage of 20 mM HEPES, pH 7.6, 500 mM NaCl, 100 μM ZnCl 2 . Protein eluted from the anion exchange column was concentrated using 5 kDa MWCO centrifugal concentrators prior to loading onto a HiLoad 16/600 superdex 75 (S75) size exclusion column (GE Healthcare) equilibrated with 20 mM HEPES, pH 7.6. S75 elution fractions containing NDM-1, NDM-4, or NDM-12 were concentrated and purified by an additional round of size exclusion chromatography using identical parameters. Final S75 elution fractions were concentrated using 5 kDa MWCO centrifugal concentrators prior to use for DSF or crystallization trials.
DSF Studies. Aliquots of 50 μM NDM-1, NDM-4, and NDM-12 were treated with EDTA to remove zinc, followed by extensive dialysis against 20 mM HEPES, pH 7.5, 150 mM NaCl. Briefly, NDM-1, NDM-4, and NDM-12 samples were dialyzed twice against 2 mM EDTA, 20 mM HEPES, pH 7.5, 150 mM NaCl, followed by three separate dialysis steps against 20 mM HEPES, pH 7.5, 150 mM NaCl, 0.5 mM TCEP, and a small scoop of Chelex resin. Buffers were exchanged with approximately 12 h intervals. Zinc-depleted NDM-1, NDM-4, and NDM-12 samples were then diluted to a final concentration of 5 μM into 20 mM HEPES, pH 7.5, 150 mM NaCl, 5× SYPRO Orange (Pierce Thermo Inc.), and ZnCl 2 at a range of zinc concentrations from 0.25 to 50 μM. Protein samples were dispensed into a 96-well Frame Star PCR plate sealed with a clear thermal-seal film to prevent evaporation. DSF data was collected on a CFX96 RT-PCR (Bio-Rad) via the preset "HEX" channel for fluorescence excitation and emission. Temperature was increased in 0.5°C increments with a five second equilibration at each step. Fluorescence intensity data was fit to Boltzmann Sigmoidal curve using Prism (GraphPad, Inc.) to determine the melting temperature (T m ) of all proteins. T m values across the range of zinc concentrations were fit to sigmoidal curves using Prism.
X-ray Crystallography. Crystallization screening for NDM-4 and NDM-12 was carried out by preparing 96-well sitting drop vapor diffusion screens using a Phoenix crystallization robot (Art Robbins Instruments). The 800 nL sitting drops consisted of a 1:1 ratio of 1.6 mM protein and crystallization condition. Initial screening was carried out using the sparse matrix crystallization screens MCSG 1-4 (Microlytic). Optimization of initial NDM-4 hits produced diffraction quality crystals in 0.1 M bis-Tris, pH 6.5, and 20% (w/v) polyethylene glycol monomethyl ether 550. Optimization of NDM-12 hits yielded diffraction quality crystals in 0.2 M ammonium iodide and 20% (w/v) polyethylene glycol. Crystals were harvested using 50 μm MicroLoops (MiTeGen) and were cryoprotected by transfer through LV CryoOil (MiTeGen) and frozen in liquid nitrogen. Single crystal X-ray diffraction data were collected at 1.0000 Å on beamline 4.2.2 at the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory.
Phases for NDM-4 were calculated by molecular replacement using the PHASER 60 component of PHENIX 61 with the zincbound structure of NDM-4 (accession code 4TYF). The molecular replacement solution for the NDM-4 data set resulted in a TFZ-score of 33.6 and a log likelihood gain of 17 847. Phases for NDM-12 were calculated by molecular replacement using PHASER within PHENIX using the final, refined structure of NDM-4 (chain A) reported in this manuscript. The molecular replacement solution for the NDM-12 data set resulted in a TFZ-score of 29.1 and a log likelihood gain of 7016. Each molecular replacement solution was subjected to iterative rounds of model building in Coot 62 and refinement in PHENIX using individual anisotropic Bfactors and TLS refinement 63 for all protein atoms and individual isotropic B-factors for the solvent. All molecular structure factors have been deposited in the PDB (NDM-4 accession code 5WIG; NDM-12 accession code 5WIH). Stereochemical and geometric quality analyses of the NDM-4 and NDM-12 structures were performed with MolProbity version 4.3.1. 64 The final NDM-4 structure, in space group P12 1 1, contains two chains per asymmetric unit that superimpose with 0.116 Å RMSD. Each NDM-4 chain superimposes onto the previously reported zinc-bound structure of NDM-4 (accession code 4TYF) with 0.16 and 0.19 Å RMSD. Both chains within the NDM-4 asymmetric unit feature two bound zinc ions and resolved electron density for all amino residues present in the crystallized construct (residues 42−270), including the beta-hairpin above the active site. Bound waters (608) were resolved bound to either or both chains within the NDM-4 asymmetric unit, while no electron density was observed for additional buffer components.
The final NDM-12 structure, also solved in space group P12 1 1, contains a single protein chain per asymmetric unit. The chain features two bound zinc ions and resolved electron density for all amino residues present in the crystallized construct (residues 42−270), including the beta-hairpin above the active site. Bound waters (233) were resolved within the electron density of the NDM-12 asymmetric unit, while no electron density was observed for additional buffer components.
Preparation of Dicobalt(II) and Zinc(II)/Cobalt(II) Metalloforms of NDM Variants. The dicobalt(II) metalloforms of purified, tagless, Δ28-NDM-1, -4, and -12 were prepared through a process of chelation, denaturation, refolding, and addition of cobalt(II) ions. Each purified protein was placed within a 10 kDa molecular weight cutoff membrane dialysis bag and allowed to equilibrate against 1 L of dialysis buffer (unless otherwise noted) for 8 h at 4°C before changing to the subsequent dialysis buffer to include a series of 11 dialysis steps: four changes of Buffer A (50 mM HEPES, 150 mM NaCl at pH 6.8) with EDTA (2 mM); urea (6 M, 0.5 L); six changes of Buffer A. The resulting apo-enzymes for each NDM variant were quantified with UV−vis (ε 280 = 27 960 M −1 cm −1 ) and concentrated to 1 mM. The dicobalt(II) metalloforms of each NDM variant were then prepared by addition of 2 mol equiv of CoCl 2 (Strem Chemicals Inc., #27-0405), which in each case resulted in a color change of the solution from colorless to pink.
Zinc(II)/cobalt(II) metalloforms of each NDM variant were prepared as described previously for NDM-1 to generate metalloforms that predominantly place zinc(II) in the metal-1 site (coordinated by three His residues) and cobalt(II) in the metal-2 site (coordinated by Cys, His, and Asp residues). 31 UV−Vis Spectroscopy. Apo-NDM-1, -4, and -12 were diluted to 300 μM in Buffer A. Two molar equivalents of CoCl 2 , from a 50 mM stock solution, were added to each protein on ice. Each sample was added to a 500 μL quartz cuvette, and UV−vis spectra were collected with a PerkinElmer Lambda 750 UV/vis/IR spectrometer measuring absorbance from 300 to 700 nm at room temperature. A blank spectrum of Buffer A was used to generate difference spectra. All data was normalized at 700 nm.
1 H NMR Spectroscopy. NMR samples were buffered with HEPES (50 mM), NaCl (150 mM) at pH 6.8, with 10% D 2 O (v/v). Each sample (300 μL) was added to a D 2 O matched Shigemi Advanced NMR microtube with a 5 mm outer diameter. Spectra were collected at 292 K on a Bruker ASX300 (BBI probe) 1 H NMR operated at a frequency of 300.16 MHz. Spectra were collected using a frequency-switching method, applying a long, low power (270 ms) pulse centered at the water frequency, followed by a high power 3 μs pulse centered at 90 ppm. 65 This method allows for suppression of the water signal with enhancement of severely hyperfine-shifted resonances. Spectra consisted of 30 000 transients of 16 k data points over a 333 ppm spectral window (t aq ≈ 51 ms); signal averaging took approximately 3 h per spectrum.
EPR Spectroscopy. EPR samples containing NDM-1, -4, and -12 included approximately 10% (v/v) glycerol as glassing agent. Samples were loaded into EPR tubes, degassed by repeated evacuation/purgation with N 2 prior to data collection. Spectra were collected on a Bruker EMX EPR spectrometer, equipped with an ER4116-DM dual mode resonator (9.37 GHz, parallel; 9.62 GHz perpendicular). The data in EPR figures were scaled so that the X-axes matched (perpendicular mode field values were scaled by 9.37/9.62). Temperature control was accomplished using an Oxford ESR900 cryostat and temperature controller (4.5 K). Other spectral conditions included: microwave power = 0.2 mW; field modulation = 10 G (100 kHz); receiver gain = 10 4 ; time constant/conversion time = 41 ms.
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